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Inter-diffusion in a 850 nm AlGaAs/GaAs top-emitting oxide-conﬁned vertical-cavity surface-emitting
laser (VCSEL) has been modeled and analyzed. Some important VCSEL parameters such as, the threshold
gain, relative conﬁnement factor, and the effective cavity length have been derived as a function of
diffusion length and were found to reliably describe intermixing in VCSELs. It has been shown that inter-
diffusion in VCSELs during typical molecular beam epitaxy (MBE) and metal-organic vapor-phase
deposition (MOCVD) growth conditions is negligible and has no effect on a various range of VCSEL pa-
rameters. The model reveled that the VCSEL reﬂectivity spectra remains roughly unchanged for diffusion
lengths of up to 16 nm, however, it is associated with a very small resonance shift and a decrease in the
band width. The VCSEL threshold gain was found to increase noticeably at small diffusion lengths. The
error-function solution to the diffusion equation as presented in the model could be adapted as a new
compositional grading scheme in VCSELs. This newly proposed compositional grading scheme could be
controlled during VCSELs growth and/or by post-growth thermal treatment.
© 2016 The Author. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Vertical-Cavity Surface-Emitting Lasers (VCSELs) offer several
advantages over other semiconductor lasers, such as the Edge-
Emitting Lasers (EEL), due to their unique properties of emitting
light perpendicular to thewafer surface, wafer scale fabrication and
testing, small size, low cost and others [1]. These distinct features
made VCSELs attractive light sources in numerous applications
including, high speed data networks [2], optical interconnects [3],
and many others.
Structurally VCSELs are relatively simple devices made of a gain
medium placed in the center of an optical cavity embedded be-
tween two highly reﬂective mirrors called the top and bottom
distributed Bragg reﬂectors (DBRs). The two DBRs form the optical
feedback through which the current is injected. However, VCSELs
growth and fabrication require a very sophisticated and precise
control over the so many electrical and optical parameters, such as
their DBRs reﬂectivity, resonance emission wavelength, their
threshold current and gain, and many others, governing the reali-
zation of a reliable and high performance device. The precise tun-
ing, control, and optimization over VCSELs optical and electrical.V. This is an open access article urequirements are often contradictory. These conﬂicting re-
quirements have widely been the subject of extensive theoretical
and experimental research in the basic physics governing the
operating principles of VCSELs. For instance, several compositional
grading schemes for efﬁcient current injection through the top and
bottom DBRs have been proposed [4e6].
Inter-diffusion of atoms across semiconductor hetero-interfaces
has captured the attention of some research groups to study and
investigate its effect in VCSELs. Indeed, intermixing of atoms across
VCSELS DBRs has been shown to reduce their serial resistance for
efﬁcient current injection [7]. Impurity-induced intermixing in
VCSELs has been reported to be a simple yet effective method for
suppressing unwanted excitation of higher-order transverse modes
[8]. Zhang et al. [9] have reported that a signiﬁcant loss in a AlGaAs/
GaAs VCSELs grown by metal-organic vapor-phase epitaxy
(MOVPE) is due to doping-enhanced inter-diffusion during growth,
furthermore, the authors suggested that a MBE growth might have
an advantage in this respect since it usually uses a low growth
temperature. Kink-free current-light output with threshold cur-
rents of about 2.4 mA of a 850 nm AlGaAs/GaAs VCSEL utilizing Si-
implantation induced disordering has been demonstrated by Fang
et al. [10], however, the authors gave no information about their
annealing conditions. Recently, it has been reported that the
intermixing of the AlAs layers is a useful techniques for controllingnder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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that the effect of inter-diffusion in VCSELs and its integral parts (the
DBRs) has been studied extensively, virtually little has been done to
theoretically model its effect.
In this paper, a theoretical model is proposed and used to
simulate the effect of intermixing in VCSELs. Results are presented
showing that inter-diffusion has roughly no effect and can be
considered negligible during MBE or MOVCD growth of AlGaAs/
GaAs VCSELs. Post-growth thermal annealing and hence inter-
diffusion is shown to affect differently a range of important
VCSEL parameters. The model could serve as an analytical and
design tool, not only to study inter-diffusion in VCSELs, but also as a
new compositional grading method that can be controlled and
achieved during VCSELs growth and/or by post-growth thermal
processing.
2. Theoretical basis and model
2.1. Device description and design parameters
The device considered for modeling and analysis is a generic
850 nm GaAs/AlGaAs top emitting oxide-conﬁned VCSEL grown on
GaAs substrate. Fig. 1 shows an overall schamatic diagram of the
considered VCSEL. From a structural point of view the consideredFig. 1. An overall schematic illustration of the VCSEl structure used for modeling and
analysis. The VCSEL consists of 20 and 28 periods top and bottom DBRs respectively,
made of l/4Al0.1Ga0.9As/Al0.9Ga0.1As(Light and dark blue). A l/4Al0.98Ga0.02As layers for
oxidation (dark yellow), two top and bottom Al0.22Ga0.78As barriers (dark green), and a
10 nm GaAs QW (red), grown on GaAs substrate.VCSEL is roughly similar to that used by Wei-Choon et al. [12]. The
device active region is a single 10 nm GaAs quantum well (QW)
sandwiched between top and bottom AlxGa1xAs barriers (spacers
or cladding layers). The Al and Ga concentrations in the barriers
required to achieve the desired 850 nm emission wavelength are
obtained by numerically solving the 1D time-independent
Schr€odinger wave equation for a single GaAs QW in inﬁnitely
thick AlGaAs barriers using the shooting method. The 300 K QW
n ¼ 1 electron to heavy-hole transition energy (the 850 nm VCSEL
emission wavelength) was calculated using the Pollak [13] rela-
tionship for the AlxGa1xAs material system as given in Eq. (1).
EgðxÞ ¼ 1:424þ 1:34xðeVÞ (1)
where x is the Al mole fraction value. A conduction to valence band
offset ratio of 60:40 [14], an electron effective mass dependence on
x of 0.067þ0.083x, and a heavy-hole effective mass of 0.83 [15]
were used. These parameters were ﬁtted into Schr€odinger equa-
tion which was solved for a range of Al mole fraction values (x) to
determine the required Al and Ga in the barriers at which the VCSEL
emission wavelength occur. It has been calculated that the 850 nm
VCSEL emission occur at an Al mole fraction value of Al¼0.22
(please see Fig. 2), thus, the Al0.22Ga0.78Asmaterial systemwas used
as the QW barriers.
The thickness of the two spacers (barriers) and the active region
are designed to form a z1.5l cavity for optical and carriers
conﬁnement. The optical cavity is embedded between two l/4
Al0.98Ga0.02As layers for oxidation purpose. The cavity optical
feedback is realized by 20 and 28 periods top and bottom l/4
Al0.1Ga0.9As/Al0.9Ga0.1As DBRs, respectively.2.2. Theoretical model
For modeling and analysis it is initially assumed that the grown
layers forming the device are perfectly abrupt in compositions and
thicknesses. The diffusion process considered is based on thermal-
induced smooth changes in the compositions and thicknesses of
the layers forming the VCSEL during growth or post-growth ther-
mal annealing. Theoretically such changes can be modeled by
solving Fick's second law of diffusion (Eq. (2)).Fig. 2. The calculated n ¼ 1 electron to heavy-hole transition wavelength as a function
of Al mole fraction value (x) for a single 10 nm GaAs QW in thick AlxGa1xAs barriers.
The 850 nm VCSEL resonance wavelength is obtained at the Al calculated value of
x¼0.22. The QW and barriers were assumed to be perfectly abrupt in composition.
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Assuming that the interdiffusion coefﬁcient D(Al,Ga) is constant
and concentration independent at all times and by closely
following Cranck [16], the solution to Eq. (2) for the considered
VCSEL can be given by:
CAl;Gaðz;tÞ¼ Ci
"
0:5ðCiCiþ1Þ
Xm
n¼1

erf

zai
LD

erf

zbi
LD
#
(3)
where z is the growth direction, Ci and Ciþ1 are the initial Al,Ga
concentration of the ith and the (ith þ 1) layers, respectively. m is
the number of layers, ai and bi are given by:
ai ¼ zCi þ nLi þ ðn 1ÞLiþ1 (4)
bi ¼ zCi þ nLi þ nLiþ1 (5)
where zCi is the z-coordinate where the Al,Ga concentration of the
ith layer starts, Li is thewidth of the ith layer and Liþ1 is thewidth of
the (ith þ1) layer, and the diffusion length LD is given by
LD ¼ 2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
DðAl;GaÞt
q
(6)
where t is the diffusion time.
Having determined how the Al,Ga compositions changes as a
function of diffusion length LD, the corresponding refractive index
for the resulting graded proﬁle can then be easily calculated. The
Adachi model [17] for the AlxGa1xAs material system is used to
calculate the refractive index proﬁle for the as-grown and diffused
structure taking into account the wavelength dispersion relation.
In VCSELs the threshold gain in the active region has to over-
come the various encountered losses in the device. Indeed, the
equation for the threshold gain given in Ref. [18] has to be modiﬁed
in order to account for the compositions, thicknesses, and refractive
index change due to diffusion. Hence, the threshold gain as a
function of diffusion length LD can be given by:
GthðLDÞ ¼ aa þ
1
GrðLDÞLaðLDÞ
"
ai
h
Leff ðLDÞ
 LaðLDÞ
i
ln
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where aa and ai are the internal losses in the passive and active
segments of the VCSEL, and are assumed to be aa¼20 and ai¼1. Gr
represents the relative conﬁnement factor [19], which is assumed
to depend on diffusion length as:
GrðLDÞ ¼
Leff ðLDÞ
LaðLDÞ
Z
LaðLDÞ
Eðz; LDÞ
2dz
Z
Leff ðLDÞ
Eðz; LDÞ
2dz
(8)
where E(z,LD) is the spatially distribution of the electric ﬁeld
dependence on diffusion length within the VCSEL. For the as-grown
and diffused VCSEL, E(z,LD) is calculated using the 22 transmission
matrix method (TMM) [20] by dividing the whole VCSEL into slices
of 1 nm each. The effective cavity length [21] is assumed to dependon diffusion length as:
Leff ðLDÞ ¼ Lc þ Lp;tðLDÞ þ Lp;bðLDÞ (9)
where Lc is the as-grown cavity length, Lp,t(LD) and Lp,b(LD) are the
penetration depths of the top and bottom DBRs, respectively, given
by Ref. [22]:
Lp;t;bðLDÞ ¼
tanh

kðLDÞkt;bL
	
2kðLDÞ
(10)
where kt,b is the number of periods of either the top or bottom
DBRs, L represents the thickness of one DBR period. k(LD) is the
coupling coefﬁcient as a function of diffusion length derived for
diffused DBRs by khreis et al. [22] and is given by:
kðLDÞ ¼
2Dnexp
h
 ð2p=LÞ2L2D
i
l
(11)
where Dn¼nHnL represents the index contrast for the as-grown
DBR layers and l is the VCSEL resonance wavelength.
In Eq. (7), La(LD) represents the thickness of the active region
dependence on LD taken as the full-width half-maximum (FWHM)
of the diffused QW.While in the same equation Rt(LD) and Rb(LD) are
the reﬂectivity of the top and bottom DBRs, respectively, calculated
using the TMM method.
3. Simulation results and discussion
As has been highlighted in the previous section, the VCSEL un-
der consideration is designed to emit at 850 nm, its active region is
taken as a 10 nm GaAs single QW embedded between two top and
bottom AlxGa1xAs barriers. In order to calculate the required Al
composition (x) in the barriers for the assumed VCSEL emission
wavelength and QW thickness the Schr€odinger equationwas solved
numerically as described in the previous section.
Fig. 2 shows the calculated emissionwavelength as a function of
the Al composition (x) for a perfectly abrupt 10 nm single GaAs QW
in perfectly abrupt AlxGa1xAs barriers. As can be seen from the
same ﬁgure the 850 nm emission wavelength is obtained at an Al
mole fraction value of x¼0.22, as so the Al0.22Ga0.78As ternary sys-
tem is used as the QW barriers. The thicknesses of the barriers and
QW were calculated to form a 3l/2 optical cavity.
Having determined the required Al composition as well as the
thickness of every layer in the considered VCSEL, Eq. (3) is then
used to determine how the Al compositional proﬁle and layer
thickness change as a function of diffusion length (LD). Setting LD¼0
in Eq. (3), a perfectly abrupt VCSEL structure is obtained, while for
any value of LD>0 will result in a graded VCSEL structure. The Al
concentration proﬁles obtained using Eq. (3) for the as-grown
(LD¼0) and diffused (LD>0) VCSEL are then ﬁtted into the Adachi
model [15] to obtain their corresponding refractive index proﬁles
(please see Fig. 3(a) and (b)). For the as-grown (LD¼0) the reﬂec-
tivity of the bottom and top DBRs are assumed to be 99.9% and
99.7%, respectively. The number of the DBR periods required to
attain the desired reﬂectivity at the 850 nm lasing wavelength are
obtain using the TMM method and were found to be 20 and 28 for
the top and bottom DBRs, respectively.
It is well known that intermixing in semiconductor hetero-
structures accounts for the movement of atoms across their
hetero-interfaces due to thermal processing (during growth and/or
post-growth thermal annealing). Depending on the amount of
intermixing (temperature and time) as well as the thicknesses of
the layers, the atomic movements across the hetero-interfaces
modiﬁes the initially assumed perfectly abrupt compositional
Fig. 3. (a) The VCSEL refractive index (RI) proﬁle and electric ﬁeld (EF) distribution
calculated for several values of diffusion length. (b) A zoomed view of (a) showing
clearly the cavity region. In the ﬁgure legends RI denotes the refractive index and EF
denotes the electric ﬁeld intensity.
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leads to modiﬁcations in the device band structure which in turn
will affect the device optical and electrical properties. A theoretical
predictions of such compositional changes (Eq. (3)) are in fact
possible to high degree of accuracy and thus can be avoided or used
to enhance the device properties.
Indeed, the theoretical model presented in the previous section
is initially applied and tested to investigate the effect of growth
temperature and time on the VCSEL various parameters. Molecular
beam epitaxy (MBE) and metal-organic vapor-phase deposition
(MOCVD) are routinely used to grow VCSEL devices. As VCSELs are
composed of so many layers having different thicknesses and
compositions, it is expected that the extent of intermixing will
depend on a particular layer composition, thickness, growth tem-
perature, and the growth time.
In the following simulations and calculations the growth tem-
peratures were assumed constants andwere taken to be 650+ C and
750+ C, for MBE and MOCVD, respectively, furthermore, it is
assumed that both techniques uses a constant growth rate of 1mm/
h without growth interruptions. It is well known that the inter-
diffusion coefﬁcient depends on temperature such that:
DAl;GaðTÞ ¼ D+exp
Ea
KBT

cm2
.
s (12)
In the above equation and for the AlxGa1xAs/GaAs material
system, the activation energy and the pre-exponential factor are
taken to be Ea¼3.6 eV and D+¼0.2 cm2/s, respectively. These values
are quoted from Wee et al. [23] and were obtained by a least-
squares ﬁt to a huge set of data collected from their own as well
as from the literature. In the same above equation T is the tem-
perature in Kelvins and KB is the Boltzmann constant.
Table 1 summaries the parameters used in Eq. (12) as well as the
calculated Al, Ga inter-diffusion coefﬁcients and their correspond-
ing diffusion lengths for both the QW layer and the ﬁrst grown layer
nearest to the substrate. The calculations revealed that the QW
layer and the ﬁrst grown layer are exposed to the assumed growth
temperatures and growth rate constantly for about 2.8 and 6.7 h,
respectively. It is worthy to note that the assumptions made above
may overestimate the calculated DAl,Ga and their correspondingdiffusion lengths as growth interruptions and/or lowering the
growth temperaturemay be needed during actual VCSEL growth. In
addition, it is known that MOCVD has a much higher growth rate
than MBE leading to a yet lower values of DAl,Ga and LD.
The calculated LD(t) values presented in Table 1 as well as for
every layer in the VCSEL structure (not shown in Table 1) are then
ﬁtted into Eq. (3) to obtain the Al compositional proﬁle for the MBE
and MOCVD growth methods. The Adachi model [15] is then used
to obtain their corresponding refractive index proﬁles. The various
VCSEL parameters as a function of diffusion length (LD) derived in
Equations (7e11) are then determined to simulate the effect of
intermixing during VCSEL MBE and MOCVD growth. The simula-
tions showed negligible effect of intermixing on the various pa-
rameters (Equations (7e11)) of the considered VCSEL during the
assumed approximately typical MBE and MOCVD growth condi-
tions in agreementwith the experimental results obtained by linnik
et al. [5] for a InGaAlAs/InP VCSEL.
Fig. 3(a) and (b) show the calculated refractive index (RI) proﬁle
and the normalized electric ﬁeld (EF) distribution for several values
of diffusion lengths LD. The simulations were performed assuming a
concentration and depth independent inter-diffusion coefﬁcient.
Fig. 3(b) is a zoomed view of Fig. 3(a), showing clearly the VCSEL
cavity region and the l/4 layers for oxidation purpose as well as a
small part of the bottom and top DBRs. As can be seen clearly in
Fig. 3(b), the EF intensity decreases as the diffusion length
increased (LD>0) and takes place only in an effective cavity length
(Leff) (see Eq. (9)) around the center of the QW. This decrease in EF
intensity is due to intermixing modifying the VCSEL as-grown
abrupt refractive index and layer thickness proﬁle into a
smoothly graded one. The decrease in the EF intensity due to
intermixing indicates a leakage of the EF out of the VCSEL effective
cavity leading to the reduction of the optical conﬁnement factor Gr.
These results agree well with those reported by Wei et al. [12] for
graded separate conﬁnement hetero-structure (SCH) cavities of
oxide-conﬁned AlGaAs/GaAs VCSELs.
In Table 2 results are presented showing the calculated values of
the various parameters given in Eq. (7) used to calculate the VCSEL
threshold gain dependence on diffusion length Gth(LD). These
values were also calculated assuming a concentration and depth
independent diffusion coefﬁcient, that is all layers in the VCSEL are
diffusing at the same rate. It can be seen that the calculated
reﬂectance of the bottom DBR (Rb) as compared to that of the top
DBR (Rt) does not drop appreciably as LD was increased from 0 nm
to 16 nm. This is mainly because the number of the bottom DBR
pairs is more than that of the top DBR, as well as other factors
discussed in detail in Ref. [22,24] and references within.
Fig. 4 shows the VCSEL reﬂectivity spectra, calculated using the
TMM method for several values of diffusion lengths LD, as can be
seen in the same ﬁgure the 850 nm VCSEL emission wavelength is
clearly seen as a narrow transmission dip in the center of the VCSEL
stop-band. For diffusion lengths of up to 16 nm, the overall VCSEL
reﬂectivity remains roughly unchanged, however, its stop-band
width start narrowing at relatively small diffusion length. A very
small shift in the VCSEL resonance towards shorter wavelength can
be noted (Fig. 4) for the diffused VCSEL, such resonance shift due to
inter-diffusion modifying the shape and width of the cavity agrees
well with those reported by Wei et al. [12] for linearly and expo-
nentially graded cavities.
Fig. 5 shows a graphical representation of the calculated VCSEL
threshold gain dependence on diffusion length (Gth(LD)) (see
Table 2). The increase of the VCSEL Gth is noticeable at relatively
small diffusion lengths. This increase of the Gth is due to inter-
mixing modifying an initial abrupt VCSEL structure into a graded
structure. This modiﬁcation affects several factors including the
decrease of the mirrors reﬂectivity, a decrease in the relative
Table 1
The values of the parameters used in Eq. (12) and the calculated diffusion lengths as a function of diffusion time for the VCSEL ﬁrst grown layer LD(t)FGL and the QW layer
LD(t)QW.
T (K) Ea (eV) D+ (cm2/s) DAl,Ga  1021 (cm2/s) LD(t)QW (nm) LD(t)FGL (nm)
MBE 923 3.6 0.2 4.5 0.1 0.2
MOCVD 1023 3.6 0.2 372 1.2 2
Table 2
The VCSEL threshold gain and the various calculated parameters used in Eq. (7)
calculated as a function of LD.
LD (nm) Rb % Rt % Leff (mm) La (nm) Gr Gth  103 cm1
0 99.979 99.76 1.203 10 1.197 1.18
2 99.978 99.75 1.211 10.2 1.195 1.25
4 99.972 99.7 1.235 10.5 1.175 1.42
6 99.95 99.6 1.276 12 1.172 1.63
8 99.93 99.4 1.338 15 1.164 1.88
10 99.8 99.1 1.421 20 1.153 2.21
12 99.7 98.6 1.531 22 1.148 3.31
14 99.5 97.7 1.673 24 1.147 5.16
16 98.9 96.2 1.849 29 1.146 7.39
Fig. 4. The overall VCSEL reﬂectivity spectra calculated for several values of LD.
Fig. 5. The VCSEL threshold gain Gth for several values of LD, calculated using Eq. (7).
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the QW width leading to an increase of the VCSEL threshold gain
Gth. Despite the fact that the calculated overall VCSEL reﬂectivity
spectra (Fig. 4) shows negligible change in the VCSEL resonance
wavelength and reﬂectivity but a small decrease in the bandwidth
for diffusion lengths of up to 16 nm, the calculated VCSEL threshold
gain (Fig. 5 and Table 2) was shown to increase about 7 times for
LD¼16nm compared to that calculated for the as-grown VCSEL
(LD¼0nm).
4. Conclusions
A mathematical model for the effect of intermixing on some
various parameters of an AlGaAs/GaAs VCSEL has been presented. It
has been shown that during a nearly typical MBE and MOCVD
growth conditions of the considered VCSEL the effect of inter-
diffusion is negligible. As such, the deviation from the theoretical
predictions after a real VCSEL growth could be mainly due to errors
inherited in the growth method rather then a process such as inter-
diffusion taking place during growth. These results are concur with
those reported in the literature. The effect of post-growth thermal
annealing on the VCSEL threshold gain, conﬁnement factor, DBRs
reﬂectivity, the overall VCSEL reﬂectivity, and others were simu-
lated and analyzed. It has been shown that the overall VCSEL
reﬂectivity spectra remains approximately unchanged up to a
diffusion length of LD¼16nm, however, the VCSEL threshold gain
was shown to depend strongly on diffusion length and a noticeable
increase of the threshold gain was observed at diffusion lengths as
low as 2 nm. Such results indicate that grading the various layers in
VCSELs and considering only their reﬂectivity spectra may lead to
unreliable conclusions regarding the overall performance of graded
VCSELs.
The model presented could also be used not only to study inter-
diffusion in VCSELs, but also as a new compositional grading
method that can be controlled and achieved during VCSELs growth,
that is controlling the MBE/MOVCD growth rate and/or by post-
growth thermal annealing. the results presented show pre-
liminary that the error-function like proﬁle grading scheme in
VCSELs may be advantageous over other methods widely used such
as the linearly and exponentially grading schemes.
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